Abstract: A surface wave model using three nested grids is applied to the eastern end of Lake Ontario to investigate wave propagation from an open lake environment to a small craft harbour protected by a breakwater. The Simulating WAves Nearshore (SWAN) spectral wave model, coupled with the Delft3D hydrodynamic model, is applied to simulate a series of storms in November, 2013. The model results are compared to observations from two pressure sensors, and used to quantify wave properties around existing and future breakwaters to evaluate the bulk changes to the harbour configuration. Overall, the results indicate that the rubblemound breakwater reduces wave heights in the existing harbour by 63% compared to no breakwater, and that the addition of a surface breakwater extension could reduce wave heights by an additional 54%. Wave height attenuation was found to be highly dependent on the incident wave direction relative to breakwater orientation. The spectral wave model is useful for simulating wave transformation for broad directional spectra in wind-sea conditions over large scales to semi-protected areas such as small craft harbours.
Introduction
Breakwaters are marine structures built to attenuate the height and reduce the energy of incoming waves, protecting important areas along a coast such as marinas or harbours. Recent work [1] describes how breakwaters can significantly reduce wave loading on structures, by using a Smoothed Particle Hydrodynamics (SPH) model to calculate hydrodynamic forces. However there are a number of physical processes that occur due to wave transformation around these structures that make predicting wave height and energy behind them complex, and difficult to predict without detailed information regarding the bathymetry and incident wave conditions. Several numerical models have been developed to compute wave transformation over changes in bathymetry and into semi-protected areas, such as REFDIF [2] , and the Simulating WAves Nearshore (SWAN) model [3] . For this study SWAN is used to perform wave predictions over a large scale, from an open lake environment to a small craft harbour (SCH) protected by a breakwater, and includes wave-driven circulation and storm surge by coupling with Delft3D [4] . This model has been used to successfully model wave behaviour around breakwaters in previous studies, e.g., [5] . SWAN has been shown to model the wave and current behaviour in Lake Ontario effectively [6] , as well as other areas with complex bathymetry [7] . SWAN has also been applied to effectively model wave behaviour around a detached breakwater in comparison with laboratory and field data [8] .
The wave climate in eastern Lake Ontario is dominated by storms with wind-generated waves with significant wave heights up to 5 m [6] , and lake-scale wind-forced storm surge and circulation [9] .
The region of the present study is the northeast end of Lake Ontario (Figure 1a ), Kingston Harbour ( Figure 1b ) and the area surrounding the Kingston Yacht Club (KYC) (Figure 1c ). This is a region in which there have been recent investigations using numerical models such as Delft3D [6, 9] , ELCOM [10] and FVCOM [11] . The purpose of this study is to investigate how effectively SWAN can simulate surface waves over a large scale from an open lake, around islands and over channels and shoals, to a SCH protected by a breakwater. A second objective is to examine how wave characteristics change in the absence or presence of different breakwater configurations, and to investigate whether or not a pile-supported surface breakwater extension that allows some wave transmission is beneficial for a possible future expansion of the SCH in Kingston Harbour. This paper is organized as follows: the wave observations and the numerical models are described in the Methods section. The Results section outlines the model predictions compared to wave observations, and wave propagation around different breakwater configurations. A discussion of these results is covered in the Discussion section, and conclusions are provided in the Conclusions section.
Methods
In this study the approach includes wave measurements at two sites near the existing rubblemound breakwater, and the application of numerical models to simulate waves in eastern Lake Ontario with higher resolution in Kingston Harbour and around the Kingston Yacht Club.
Wave Observations
Wave data were recorded by two 2 Hz RBR TWR-2050 pressure-temperature sensors in two locations east of the KYC breakwater (Figure 1c ). S1 was located just outside of the existing rubblemound breakwater's protected area in a mean water depth of 10 m, and S2 was situated in the protective lee (for waves from the SW or W directions) of the existing breakwater at a mean depth of 9 m. The pressure sensors sampled at 2 Hz, and were configured to do wave bursts for 20 min per hour. The sensors were deployed for four months (1 August to 30 November, 2013) in two deployments of two months. Pressure spectral distributions were observed at each site, from which sea-surface statistics including significant wave height (H s ) and period (T p ) were calculated. Due to attenuation of wave energy with depth, pressure spectra observed near the bottom were valid up to a frequency cut-off of 0.38 Hz, resulting in observations of only the longer period waves (T >2.6 s) that typically have peak periods of greater than 4 s. Wind and wave conditions are shown in Figure 2 for the month of November, which had the largest storm events in the observation period. During storm events, waves reached significant wave heights of 1.6 m at S1, and 0.9 m at S2, and peak periods were 5-7 s at both sites. Data from the Prince Edward Pt. Buoy (buoy C45135) at PE (Figure 1a ) [12] , was used to determine wind conditions and offshore wave conditions. The observed wind speed and direction, significant wave heights, and peak wave periods are shown in Figure 2 . Wind speeds reached almost 20 m/s during several storm events, the largest waves in the lake reached significant wave heights of approximately 4 m, and the peak wave periods for large events ranged from 7-9 s at PE. Observations at sites S1 and S2 indicate that there is no change in wave height between the sites for waves from the south, and therefore waves are not affected by the existing rubblemound breakwater, and are only limited by the short fetch across Kingston Harbour. For waves arriving from the west or southwest, the reduction in wave height over a short distance of approximately 20 m from S1 to S2 indicates that the existing breakwater is currently providing protection for the SCH from a significant amount of incident wave energy. Data from the Prince Edward Pt. Buoy (buoy C45135) at PE ( Figure 1a ) [12] , was used to determine wind conditions and offshore wave conditions. The observed wind speed and direction, significant wave heights, and peak wave periods are shown in Figure 2 . Wind speeds reached almost 20 m/s during several storm events, the largest waves in the lake reached significant wave heights of approximately 4 m, and the peak wave periods for large events ranged from 7-9 s at PE. Observations at sites S1 and S2 indicate that there is no change in wave height between the sites for waves from the south, and therefore waves are not affected by the existing rubblemound breakwater, and are only limited by the short fetch across Kingston Harbour. For waves arriving from the west or southwest, the reduction in wave height over a short distance of approximately 20 m from S1 to S2 indicates that the existing breakwater is currently providing protection for the SCH from a significant amount of incident wave energy. Observations and model predictions: (a) observed wind speed and stick vectors indicating wind direction at PE; (b) significant wave height at PE; (c) peak wave period at PE, (d) significant wave height at S1; (e) peak wave period at S1; (f) significant wave height at S2; (g) peak wave period at S2. Vertical lines indicate times at which spectral distributions are shown in Figure 3 (November 1 at 14:00; November 14 at 05:00). Observations and model predictions: (a) observed wind speed and stick vectors indicating wind direction at PE; (b) significant wave height at PE; (c) peak wave period at PE; (d) significant wave height at S1; (e) peak wave period at S1; (f) significant wave height at S2; (g) peak wave period at S2. Vertical lines indicate times at which spectral distributions are shown in Figure 3 (1 November at 14:00; 14 November at 05:00).
Numerical Models
SWAN is a third-generation spectral wave model that predicts wave conditions in shallow regions, accounting for all relevant generation and dissipation processes, as well as wave-wave interactions. The wave field evolution is described by the action balance equation [3] where wave action density is transported as a function of time, horizontal space, wave frequency, and wave direction, and sources (wind) and sinks (dissipation) induce local changes to the wave spectrum. To estimate wave behaviour around and through structures such as breakwaters using SWAN, obstacles can be defined [13] with specified transmission (K t ) and reflection (K r ) coefficients. These obstacles are modelled as linear elements in the computational area, and affect the wave field by reducing wave heights, causing wave reflection and causing diffraction around their ends. Transmission is calculated for waves over submerged structures or by using a constant transmission coefficient for permeable structures. Diffraction is accounted for using a phase-coupled refraction-diffraction approximation [13] , although the effects have been shown to be less pronounced for broad directional spectra in wind-sea conditions [8] . Delft3D is a 3-dimensional modelling system that simulates the water levels and currents, and can also be applied to simulate sediment transport, morphological change, and water quality [4] . SWAN can be coupled with Delft3D at a specified time interval, and perform wave computations that include wave-current interactions and the effects of changing water depths on wave refraction and breaking.
For this study, SWAN is used to predict wave behaviour in the eastern end of Lake Ontario using a system of three curvilinear nested grids in spherical coordinates and forcing by both winds over the domain and waves at the open boundary. A coarse grid with a resolution of approximately 270 m was developed for the eastern region of Lake Ontario, covering the area in Figure 1a . Time-varying wave forcing conditions obtained from the buoy at PE were applied to the curvilinear southern boundary ( Figure 1a ). The wave boundary conditions are described using the time-varying bulk wave parameters observed at PE to construct a JONSWAP wave spectrum with a peak enhancement factor of 3.3 and directional spreading using a cos-squared function. A medium grid with a resolution of approximately 90 m was nested in the coarse grid and covered Kingston Harbour (Figure 1b) . A fine grid with resolution of 30 m was nested in the medium grid to provide the highest resolution around KYC (Figure 1c) , with further local refinement around the breakwater to a resolution of 10 m and several model grid points between S1 and S2 to account for differences between these closely spaced sites. This finest numerical can resolve the essential features of the harbour structures and changes in wave properties within the harbour.
Wind conditions were obtained from the PE buoy. To ensure spatial uniformity of the wind field, the wind observations at PE were compared with data collected at the Kingston Airport [14] and with wind observations at KYC. The average difference in wind speed between the three sources was less than 4 m/s suggesting that the wind field is near-uniform in space over the area, and the buoy observations were selected for model input due to the completeness of the dataset over the study period. The model spectrum was discretized using 24 logarithmically-spaced frequency bins from 0.05 to 1.00 Hz and 36 directional bins with 10˝spacing. Bottom friction was parameterized using the JONSWAP formulation with a coefficient of 0.067 m 2¨s´2 , the default value in SWAN. Whitecapping is formulated according to a saturation-based dissipation that is dependent on the local wave number [15] . SWAN was run in stationary mode, and was coupled to Delft3D by communicating every 60 min of simulation time. Delft3D operated using a time step of 6 s to ensure stable computations according to the Courant condition. Other model parameters in SWAN and Delft3D were defined following previous results on detailed validation of the coupled model with wave and current observations in the Kingston Basin of Lake Ontario [6, 9] . The models are both forced by the time-varying winds, which generate waves and in SWAN and wind-driven circulation and storm surge in Delft3D.
Results
The following section outlines the results of this study. First, the model results are compared with observed data from the pressure sensors to validate the model. Second, the impact of different breakwater configurations on wave conditions in the harbour are investigated. 
Comparison with Observations
The model was run for the months of October and November, with spectral output at the two sensor locations. The significant wave height and peak period at each site are compared with observations in Figure 2 for the month of November, a time period with the largest observed wave heights. Spectral peak wave periods determined from observations that were less than 4.3 s are excluded from analysis due to attenuation of wave energy with depth for short period waves. In general the observed and predicted wave statistics were in good agreement during storm events, particularly when Hs > 0.5 m at S1. The measured significant wave heights are typically smaller than the true Hs and the measured wave periods are generally larger than the true Tp for the smaller wave events with short peak wave periods, since pressure sensors on the lake bottom cannot measure energy in the high frequency part of the wave spectrum [15] due to attenuation with depth that is frequency dependent [16] . For the short wave period conditions, the pressure oscillations at the bed due to the surface waves are very small and therefore all frequencies above 0.38 Hz are excluded from analysis. This is shown in Figure 3 , where the model spectra are compared with the observations only at frequencies below the cut-off. Major discrepancies occur between measurements and models as indicated in Figures 2 and 3 . The pressure sensors in deep water, for these wave periods, do not fully capture the surface wave signal and are not the most appropriate choice of sensor under these conditions due to the attenuation of the wave-induced pressure signal. 
The model was run for the months of October and November, with spectral output at the two sensor locations. The significant wave height and peak period at each site are compared with observations in Figure 2 for the month of November, a time period with the largest observed wave heights. Spectral peak wave periods determined from observations that were less than 4.3 s are excluded from analysis due to attenuation of wave energy with depth for short period waves. In general the observed and predicted wave statistics were in good agreement during storm events, particularly when H s > 0.5 m at S1. The measured significant wave heights are typically smaller than the true H s and the measured wave periods are generally larger than the true T p for the smaller wave events with short peak wave periods, since pressure sensors on the lake bottom cannot measure energy in the high frequency part of the wave spectrum [15] due to attenuation with depth that is frequency dependent [16] . For the short wave period conditions, the pressure oscillations at the bed due to the surface waves are very small and therefore all frequencies above 0.38 Hz are excluded from analysis. This is shown in Figure 3 , where the model spectra are compared with the observations only at frequencies below the cut-off. Major discrepancies occur between measurements and models as indicated in Figures 2 and 3 . The pressure sensors in deep water, for these wave periods, do not fully capture the surface wave signal and are not the most appropriate choice of sensor under these conditions due to the attenuation of the wave-induced pressure signal. However, the model is a useful tool to simulate the wave conditions over a wider frequency range then observed by the pressure sensors, and additional field measurements using other methods should be collected before detailed design of any coastal structure.
Breakwater Configurations
Three idealized breakwater configurations were simulated and are shown in Figure 4 , including: (1) the past scenario with no structures; (2) the present-day scenario with a rubblemound breakwater; and (3) a possible future scenario with the addition of an idealized 40 m long pile-supported surface breakwater extension with a 10 m "L"-dock, connected to the end of the existing rubblemound breakwater. The breakwaters were modelled as obstacles in SWAN, where sub-grid scale elements are used to define the edges of the structures. The rubblemound breakwater was modelled as a dam with no transmission allowed (valid for this bottom-founded rock structure at KYC), diffuse reflections (a reflection coefficient of 0.5) and a height of 2 m, and a breakwater slope of 1:3/2. The breakwater extension was modelled as a semi-permeable sheet with K t = 0.7. The transmission coefficient for the idealized pile-supported structure at the water surface was selected based on a relationship between the wave transmission coefficient and wave steepness (H/L) for breakwaters at the surface [17] . For a single-pontoon rectangular-section breakwater that is moored with chain, physical model experiments indicated that K t = 0.6-0.8 apply over a range H/L = 0.03-0.10. The present numerical results without the breakwater extension indicate that at S1, located closest to the site of the breakwater extension, the mean value of H/L is 0.05 and therefore an average wave transmission coefficient of 0.7 was selected to simulate the obstacle in SWAN. It is noted that wave transmission past a rigidly-moored surface breakwater is a function of the breakwater geometry (width, draft, cross-sectional shape, mooring design) and the incident wave conditions (wave period, relative wave angle), and that other modelling techniques could be applied to determine breakwater performance over a range of conditions. The single value of 0.7 is selected conservatively for use in SWAN to apply to the worst-case conditions, where the longer period waves arrive from the SW a high angle from normal to the structure. For shorter period (fetch-limited) waves from the S that are normally incident, a lower transmission coefficient of 0.5 would be appropriate.
The three different breakwater configurations each dramatically influence the wave height at S2, indicated in Figure 4 for a storm event on 1 November. This is also shown in Figure 5 for the time-series corresponding to the month of November. Averaged over the month, wave heights would be 0.16 m (63%) higher without the rubblemound breakwater and the addition of a breakwater extension would reduce the wave heights by a further 0.12 m (54%) where 100% represents total reduction of H s to 0 m. There was no difference in the peak wave period between the three breakwater configurations.
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The breakwater extension was modelled as a semi-permeable sheet with Kt = 0.7.
The transmission coefficient for the idealized pile-supported structure at the water surface was selected based on a relationship between the wave transmission coefficient and wave steepness (H/L) for breakwaters at the surface [17] . For a single-pontoon rectangular-section breakwater that is moored with chain, physical model experiments indicated that Kt = 0.6-0.8 apply over a range H/L = 0.03-0.10. The present numerical results without the breakwater extension indicate that at S1, located closest to the site of the breakwater extension, the mean value of H/L is 0.05 and therefore an average wave transmission coefficient of 0.7 was selected to simulate the obstacle in SWAN. It is noted that wave transmission past a rigidly-moored surface breakwater is a function of the breakwater geometry (width, draft, cross-sectional shape, mooring design) and the incident wave conditions (wave period, relative wave angle), and that other modelling techniques could be applied to determine breakwater performance over a range of conditions. The single value of 0.7 is selected conservatively for use in SWAN to apply to the worst-case conditions, where the longer period waves arrive from the SW a high angle from normal to the structure. For shorter period (fetch-limited) waves from the S that are normally incident, a lower transmission coefficient of 0.5 would be appropriate.
The three different breakwater configurations each dramatically influence the wave height at S2, indicated in Figure 4 for a storm event on November 1. This is also shown in Figure 5 for the timeseries corresponding to the month of November. Averaged over the month, wave heights would be 0.16 m (63%) higher without the rubblemound breakwater and the addition of a breakwater extension would reduce the wave heights by a further 0.12 m (54%) where 100% represents total reduction of Hs to 0 m. There was no difference in the peak wave period between the three breakwater configurations. The reduction in wave height in the harbour at S2 is sensitive to the incident wave direction as indicated in Figure 6 . Waves coming from NE, E, and SE directions are not affected by the presence of the rubblemound breakwater, while the breakwater causes an increasing amount of wave height attenuation as the wave direction rotates from S to SW to W (Figure 6a ) compared to the case of no rubblemound breakwater. For the case when the breakwater extension is connected to the end of the rubblemound breakwater, (Figure 6b ), there is no difference from the rubblemound only case for waves from the NE and E directions, but waves from the SE are reduced in height by 20%-40% and waves from S, SW and W directions are reduced by a nearly constant 50%. The significant wave height inside the future harbour that is protected by the breakwater extension do not exceed 0.45 m, suggesting that this type, length and location of structure is effective in wave attenuation in the SCH.
size and shape of the structures. To more accurately predict wave condition inside a SCH, the structures should be larger than the grid cells and changes in bathymetric features, suggesting very high (and computationally limiting) horizontal resolution. However, creating obstacles as relatively simple, linear elements to define the edges of the structures allows the reflection and transmission to be controlled and the structures to be evaluated over a long time-series of realistically varying wave conditions. The reduction in significant wave height inside the SCH that occurs with both the existing rubblemound breakwater and future breakwater extension is explained primarily by the shapes and orientations of the two obstacles. The rubblemound breakwater curves and encloses that harbour effectively, protecting the S2 site from waves coming from the W and SW directions. However, wave diffraction occurs around the tip of the breakwater and therefore some wave energy does enter the harbour. The entrance, which faces east, leaves the harbour exposed to waves coming from the E and SE directions. The breakwater extension, which extends eastward along the southern side of the harbour, will provide additional protection for the harbour in the region of site S2. It attenuates the 
Discussion
The application of a spectral wave model like SWAN, coupled to Delft3D, to predict wave transformation in a SCH requires accurate estimation of the transmission coefficient for permeable structures. In this study a representative transmission coefficient is used for the surface breakwater extension, and the bulk results are compared to the case of no structure. Using linear obstacles to simulate breakwaters resulted in useful predictions of wave behaviour in a SCH. However, obstacles are thin relative to the horizontal of individual grid cells in the model, and do not exactly resolve the size and shape of the structures. To more accurately predict wave condition inside a SCH, the structures should be larger than the grid cells and changes in bathymetric features, suggesting very high (and computationally limiting) horizontal resolution. However, creating obstacles as relatively simple, linear elements to define the edges of the structures allows the reflection and transmission to be controlled and the structures to be evaluated over a long time-series of realistically varying wave conditions. The reduction in significant wave height inside the SCH that occurs with both the existing rubblemound breakwater and future breakwater extension is explained primarily by the shapes and orientations of the two obstacles. The rubblemound breakwater curves and encloses that harbour effectively, protecting the S2 site from waves coming from the W and SW directions. However, wave diffraction occurs around the tip of the breakwater and therefore some wave energy does enter the harbour. The entrance, which faces east, leaves the harbour exposed to waves coming from the E and SE directions. The breakwater extension, which extends eastward along the southern side of the harbour, will provide additional protection for the harbour in the region of site S2. It attenuates the wave height from the SE and S directions far more effectively than the rubblemound breakwater alone, resulting in smaller wave heights in the SCH. Waves from the SW approach at a high angle relative to the breakwater extension and have the longest wave periods of 5-7 s. These waves are likely to transmit the greatest amount of energy past the breakwater extension at the surface, and other modelling techniques could be applied to investigate wave transmission for varying incident wave periods and relative wave directions.
Conclusions
This study investigates the SWAN model's ability to simulate surface waves from an open lake to a small craft harbour (SCH) protected by a breakwater by comparison with pressure sensor observations, and how wave behaviour changes in the SCH for different breakwater configurations. The pressure sensors did not fully capture the surface wave signal in deep water and were not the most appropriate choice of sensors under these conditions due to attenuation of the wave-induced pressure signal with water depth. However the model was a useful tool to simulate the wave conditions over a wider frequency range then observed by the pressure sensors, and additional field measurements using other methods should be collected before detailed design of any coastal structure.
Obstacles were used to model the existing rubblemound breakwater (no transmission and a reflection coefficient of 0.5), and a possible future breakwater extension at the surface (a conservative transmission coefficient of 0.7) to further reduce wave agitation in the harbour. SWAN, coupled with Delft3D to simulate wind-and wave-driven water level changes and circulation, was able to predict wave heights inside the harbour area protected by the existing rubblemound breakwater, but tended to over-predict the significant wave height and under-predict the peak wave period. Numerical tests were conducted with three breakwater configurations (no breakwater, existing rubblemound breakwater, and existing rubblemound breakwater with a 40 m long breakwater extension). The results indicate that the existing rubblemound breakwater reduces wave heights in the SCH by 63% (0.16 m) averaged over a 1-month simulation with multiple storm events, and that the addition of a breakwater extension will reduce wave heights in the same area by a further 54% (0.12 m) where 100% represents total reduction of H s to 0 m. The reduction in wave height is highly dependent on the incident wave direction, with waves from S, SW and W directions experiencing far greater reduction in wave height due to the orientation of the structure with respect to the predominant wave directions. While the breakwater extension was effective at reducing wave heights inside the harbour, there are a wide variety of possible breakwater configurations that could be investigated. Further research should investigate the effects of other breakwater shapes, widths, lengths and orientations to determine the most effective option for protection of a SCH. Since wave attenuation inside a harbour is strongly dependent on the transmission coefficients of the structures surrounding the protected area, a range of different parameters used to model the breakwaters should also be investigated, leading to a more complete understanding of wave behaviour in small craft harbours.
